The incidence of ring shake in chestnut wood (Castanea sativa Mill.) from eight sites (237 total trees) in the Lazio territory, in central Italy, was investigated. All the areas studied are coppice managed. The aim of this study was to increase knowledge of this defect through the measurement and classification of numerous indices. using analysis of variance and correlation analysis, age was found to be the principal factor affecting the ring shake defect, the incidence of which was highest in trees aged 30 years or over. The highest risk of splitting occurred in the 12-to 14-year-old age group, although cracking started with a certain intensity at an age of 7-8 years. Comparing trees of the same age (25-30), it can be seen that diameter was not strongly related to magnitude of defect, but it had the effect of moving the ring shake location outwards. Wood defects (star shake, injuries, double core and eccentricity of core) and stem defects (cortical cancer, epicormic branches, dead branches and bark cracking) were not significantly correlated with shake: indeed, only bark cracking and injuries seem to have a slight influence on ring shake risk.
Introduction
During recent years, the concept of forest multi-functionality has attracted much interest; yet, it is sometimes difficult to balance different functions, especially the productive vs the protective recreational-landscape role. Chestnut (Castanea sativa Mill.) plays a central role in the forests of central Italy and especially in those of the Lazio Region where the productive function is very important. The wood produced combines very interesting technical characteristics (Giordano, 1984) : it is not only very versatile (it can be used for structures, poles, carpentry and furniture in general) but also characterized by high growth rates of up to 21 m 3 ha 21 year 21 in the Cimini Mountains area (Cantiani, 1965 in Tani et al., 2003 . The most important technological limitation of the wood is ring shake, which leads to the discarding of much of the material, mainly in the basal portion of stems. During recent years, a great deal of research into the ring shake defect has been carried out (cf. Fonti et al., 2002a , Fonti et al., 2002b . The results of these studies have shown that the defect is due to a number of factors, including age, size, forestry intervention (thinning and cuttings), soil fertility and chemistry and a possible genetic predisposition (Bourgeois, 1992; Macchioni and Pividori, 1996; Amorini et al., 1997; Fonti et al., 2002a; Fonti et al., 2002b; Becagli et al., 2002 Becagli et al., -2004 . Mutabaruka et al. (2005) carried out a study to assess the value of external tree characteristics in predicting ring shake. They found that tree height and basal sweep were of little value as predictors of shake, while epicormic shoots, bole curvature and the presence of spiral bark patterns were correlated with a high probability of finding ring shake defect in wood. Whatever the cause that produces the defect, it appears evident that in relation to different types of ring shake, the anatomical structure of the chestnut wood is a factor which in itself strongly predisposes the formation of tangential splits (Fonti et al., 2002a; Fonti and Macchioni 2003; Spina et al., 2008) .
Due to the importance of the species in Central-Southern Italy, it would be of great value to public organizations and private owners to know the state of the art on ring shake in chestnut and to be able to evaluate the impact of the defect in different forest stands, in order to ascertain which sites are likely to be most productive. This knowledge could then be employed in decision making regarding silvicultural choices, in order to obtain better quality material.
The aim of this article is to assess the presence of ring shake defect in different districts of the Lazio Region which are economically linked to chestnut wood production, in order to (1) identify the presence and extent of the ring failure; (2) add to knowledge of the causes which may predispose trees to the occurrence of cracks and (3) propose possible corrective actions in forestry which could be undertaken to obtain better quality material.
Characterization of ring shake defect in chestnut (Castanea sativa Mill.) wood in the Lazio Region (Italy)
Materials and methods
The study has been carried out in the most important chestnut wood production areas in the territory of Lazio: the Cimini, Lepini and Sabatini Mountains and the Castelli Romani area (Figure 1 ). The Cimini, Sabatini and Castelli Romani sites are coppices of different age and sometimes with different site characteristics, but they are all on a volcanic soil. The Monti Lepini site, instead, was chosen because it is on a calcareous matrix. The site characteristics and the most important stand characteristics are shown in Tables 1  and 2 . The sites are coppiced with first class standards which derive from coppice shoots growing from the previous cut. Only in one site (Lepini Mountains) are there also second class standards. The Valle Troscione site, which is located in the Cimini Mountains, is characterized, instead, by a chestnut coppice within a Pinus laricio reforestation area.
No information is available about thinning in the forest sites, except for Pian dei Fraticelli where thinning was performed when the coppice shoots were aged 12 years, and the standards were aged 31 years.
A ring shake analysis was performed on a total of 237 trees (Table 3 ) cut during the sylvan seasons 2006/2007 and 2007/2008 . Only in the Pian dei Fraticelli and Valle Troscione sites, the trees were chosen at random in the field during cutting working. For all the other study areas, the trees were selected at the sawmill after following them from coppice stand. The most important dendrometric features of the stem were measured (diameter and stem length) and the main wood defects (star shake, injuries, double pith and eccentricity of pith) and stem defects were measured and described (cortical cancer, epicormic branches, dead branches and bark cracking). A degree of intensity ranging from 0 to 3 was awarded to most of the defects. The stem curvature was measured according to the criteria established by uNI EN 1310 EN (1999 .
A disk 5-cm thick was collected from each stem at a height of ~50 cm. The sampling height was chosen because it is the most susceptible for ring shake defect.
The discs were taken to a laboratory where, after drying for ~3 to 4 months, the ring shake characteristics were measured and a dendrochronological analysis was performed (Figure 2 ). Ring width analysis was performed according to the standard dendrochronological system measuring with an approximation of 1/100 mm.
The following indices were calculated from the measurement of each tangential split (Figure 2) , following the protocol used in previous studies (Macchioni and Pividori, 1996; Amorini et al., 1997; Fonti et al., 1997; Becagli et al. 2002 Becagli et al. -2004 :
1 The extent of the defect -IC, i.e. the ratio between the arc of the circle (a) of the shake and the corresponding total circumference (C), (IC = a/C); The total tree numbers are in bold. Figure 2 . Measurements which describe ring shake: R = total radius, r = distance of ring shake from the pith, rdx = right radius, rsx = left radius, α = angle, C = critical circumference, Ca = critical year, Ta = total age of tree.
-the average IC per tree, i.e. the ratio of the sum of the IC and the total number (Np) of shaken trees (ΣIC/Np); -ICA, the average IC for the critical year, i.e. the average IC for the same critical year in the same tree and the number (N) of years (called the critical year, Ca) at which the defect is manifested (ICA = (ΣIC/NCa)); -the average number of ring shakes per shaken tree, i.e. the ratio of the total number of ring shakes (NRs) over the total number (Np) of shaken trees NR/(Np); -the average ring shake length, i.e. the ratio between the sum of the extent of all the ring shakes (Σa) and the total number of ring shakes (NRs) (Σa/NRs); -the average ring shake length per tree, i.e. the ratio between the sum of the extent of all the ring shakes (a), measured in cm, and the number of shaken trees examined (Σa/Np); -the number of critical years (NCa), i.e. the number of years in which the defect occurred; -the average ring shake length/critical year; the ratio, for each tree, between the sum of the extent of all the ring shakes (Σa) (in cm) over the number of critical year (A = Σa/NCa), for the total site ΣA/Np.
2 Ring shake position -IP, distance and position of ring shake along the disk, i.e. the average value of the ratio between the distance of each ring shake from the pith (r) and the total radius of the wheel (R) (see Figure 2 ) (IP = r/R); -Rc, the chronological position of a ring shake, i.e. the average ratio of the age/year (critical year) at which a ring shake is evident and the total tree age (TA) (see Figure 2 ) (Rc = ca/TA); -IPC, the index of a ring shake's first appearance expressed as a distance, i.e. the mean ratio between the radius in which the defect begins to appears (the first critical year, 1° Ca) and the total radius of the plant (IPC = first r/R); -IuC, the index of a ring shake's last appearance, expressed as a distance, i.e. the mean ratio between the radius which corresponds to the outermost ring shake (last critical year, last Ca) and the total radius of the plant (IuC = last r/R); -IPCE, the index of the date of a ring shake's first appearance, i.e. the ratio between the first year in which the defect appeared (first Ca) and the total number of years of the plant (TA), averaged for all the trees analysed (IPCE = first Ca/TA); -IuCE, the chronological index of a ring shake's last appearance, i.e. the ratio of the last year in which a defect appeared (last Ca) and the total number of years of the plant (TA), averaged for all the trees analysed (IuCE = last Ca/TA)|.
The ring shake parameters were described for each area and analysed for each site.
The parameters describing ring shake (extent of defect and ring shake position) were related by means of a simple correlation coefficient to phenotype characteristics (bark cracking and stem bending), stem defects (cortical cancer, epicormic branches and dead branches) and wood defects (star shake, injuries, double core and eccentricity of core), in order to understand if and how a forester can predict the presence and the extent of ring shake in standing trees. Furthermore, analysis of variance (ANOVA) was used to identify which factors (wood defects, stem defects and tree diameter and age) affect the presence (s) or the absence (h) of ring shake in trees.
ANOVA was also used to investigate the influence of increased tree diameter and age class on the presence, extent and evolution of defects. In order to investigate this aspect, age and diameter were divided into the following classes:
A matrix was built taking in to account each defect index and its variance according to age and diameter class. The Fischer coefficient, F and P values were calculated according to the significance of 95, 99 and 99.9 per cent probability. A one-way ANOVA was used, the considered factors are age, tree diameter (at 25-30 years) and study area and the variables taken into account are IC, EXT, no. of shake, Ip, Rc, IPC, IuC, IPCE and IuCE. To avoid the interaction age-tree diameter, only trees of the same age (25-30 years old) were analysed in order to assess the influence of tree diameter on ring shake risk. To evaluate the interaction of study area-age class, a two-way ANOVA analysis was performed. This last elaboration was processed only on the IC variable, considered the most representative of ring shake extent.
The exact location of ring shake defects was also plotted by means of dendrochronological analysis. In the dendrochronological analysis, the number of trees with ring shake was plotted against the date of ring formation. A comparison between ring width curve and the number of trees with ring shake was also performed.
Results
The parameters describing ring shake for the shoots and standards of each site are reported in Table 4 . There is clearly a difference between the sites as regards the frequency, the gravity and the extent of the cracks (Tables 4, 6 and 7). The most affected area, as regards both the percentage of the observed samples which were affected and the extension of the cracks detected, is located in the Cimini Mountains, as can be inferred from the IC index. In all the geographic districts studied, ring shake was observed most frequently in mid-cambial aged plants (Rc) affecting about half of the radius (Ip spans from 0.32 to 0.79 with an average of 0.55), while in the Cimini Mountains, the average crack was located at 0.71 (Ip). The standards were more severely affected than the coppice shoots, taking into account both the frequency and the extension of defects (see IC indices, extent, number of ring shakes and location of the defect in Table 4 ), the only exception found was in the Castelli Romani area, where the indices were greater in shoots, probably due to a lack of replication in the number of standards (only three trees).
The correlation analysis (Table 5) shows that the presence, location and the extent of ring shake increased with increasing tree age and diameter. The effect of both age and diameter is most evident in the IC and EXTEN parameters, while the most part of the parameters (IP, RC, IuCE and IPCE, no of shake, IPC and IuC) were mainly influenced by tree age.
The sampled trees showed many stem defects, especially stem bending and cortical cancer, while among the wood defects, star shake was the most frequent ( Figure 3) . The phenotype characteristics (stem bending) and stem wood defects generally showed no significant correlation with the indices of ring shake. However, one positive and significant, although weak, correlation was found between the different indices of ring shake and bark cracking (Table 5) .
The use of ANOVA added further information (Table 6 and Figure 5a-c) , confirming the influence of the site and that the trees affected by ring shake had a greater age and diameter. Furthermore, affected trees showed more bark cracking compared with non-affected trees of the same age (25-30) and more injuries (Figure 4 and Table 7 ). There is an interaction between geographical area and age class because the two-way ANOVA analysis shows a P = 0.000 Ring shake average length (cm) (error 36.141). It can be observed from Figure 7 that Cimini area causes the most important variability among sites. In fact, deleting the Cimini area from ANOVA analysis, the significant effect of area on ring shake disappears. The ANOVA results show an increase in the indices of gravity related to age class (IC, EXT and no. of shake), especially for Age Class 5 and above (i.e. over 36 years old) (Figure 5a ). Furthermore, it can be seen that ring shake moved outwards with age (IuCE, IPCE and RC) extending later across the radius (IPC, IuC and Ip), especially by Age Class 5 (over 36 years old) (Figure 5b and c) . Taking into account trees at the same age (25-30 years), an increase in the diameter did not show any relevant effect on the extent of the defect, in fact ANOVA parameters related to IC, EXTENT and no. of shake (Table 6) were not significant. On the other hand, increasing diameter influenced the position of ring shake in the Ip, Rc, IPC, IuC, IPCE and IuCE parameters (Table 6) , which was still more marked from the fourth diameter class, which corresponds to a radius of 31-35 cm (Figure 6a and b) . This means that comparing two trees of the same age, the tree with the larger diameter Figure 3 . Qualitative classification of wood (star shake, injury, included coppice shoot and eccentric core) and stem defects (cancer, epicormic branches, dead branches and barch cracking) from 0 value (no defect) to 3 (maximum gravity of defect). Table 5 : Simple correlation between different ring shake parameters, wood and stem defects, with tree diameter and age Figure 6 ), seven age classes (graph shown in Figure 5 ) and four study areas (Cimini Mountains would tend to be characterized by a split which extended closer to the bark, considering both its chronological position (i.e. relative to the number of rings, Rc, IPCE, IuCE) and its physical position (length in centimetre along the radius IPC, IuC and Ip).
Comparing the first occurrence of ring shake for each tree, it can be seen that the highest risk of splitting, with evident magnitude, occurred in the 12-to 14-year-old age group (Figure 8b) , although cracking started with a certain intensity at an age of 7-8 years (Figure 8a) .
At the age of 14 years, the diameter at the bottom of shaken trees varied greatly, ranging from 8 to 28 cm according to the different conditions of site fertility. However, as a mean value, it may be assumed to be 15 cm, which can be considered as the critical diameter above which the defect occurred with greater intensity.
Comparing the ring shake analysis with the dendrochronological analysis (Figure 9 ) suggests that the successive abrupt growth change after thinning may be a reason for the appearance of ring shake. This result is particularly evident at the site of Pian dei Fraticelli (which was thinned in 1990) and in the Bassiano area where two critical periods were identified (1974 and 1990) and San Martino (in which 1979 was the year of cutting) (Figure 9 ), corresponding to silvicultural interventions. Thinning alone cannot explain the occurrence of all the defects. In fact in San Martino (critical period 1969-1978) and in Rocca Romana (critical period 1989-1994) , there is no evidence of a correlation between silvicultural management and ring shake occurrence (Figure 9 ), but we can infer that ring shake appeared in a period of decreasing ring width.
Discussion
The investigation revealed that ring shake incidence is different among sites. In the Lazio region, there is a different degree of susceptibility to the ring shake defect and the Cimini Mountains were the most affected. The site least affected by the defect was Bassiano in the Lepini Mountains, where ring shake can be considered of negligible importance, especially as regards the extent of the defect. This result may be related to soil condition as Bassiano is the only site which has a calcareous matrix. Several studies have showed a link between very low calcium content and higher ring shake incidence (Freyssac et al., 1994a; Freyssac et al., 1994b; Verger et al., 1994; Thibaut et al., 1995; Laroche 1997; Laroche et al. 1997; Fonti et al., 2002a; Cousseau and Lemaire, 2008) . It might appear odd to find such a correlation since chestnut is intolerant to calcareous soils. However, the influence of calcium has been shown to strengthen middle lamella (Fonti et al. 2002b) , and therefore, the greater difficulty in absorbing calcium experienced by trees growing on volcanic soils may have contributed to the higher number of such trees affected by ring shake.
The results also show the significant role of tree age in starting and increasing the defect which is very evident when the trees were over 31-35 years old. Therefore, the most affected trees in the coppice were the standards. These results concur with the conclusions of several authors (Bercovici 1987; Everard and Christie, 1995; Amorini et al., 1997; Fonti et al., 2002b , Mutabaruka et al., 2005 , whose findings point to the progressive incidence with age, although the different studies indicate different critical ages (cf. Mutabaruka et al., 2005) .
From the ANOVA results, it is evident that trees affected by ring shake had a greater diameter than sound trees (Figure 4 and Table 7 ). By the analysis of the coefficient of correlation, it can be inferred that the influence of diameter on the incidence of ring shake was significant and positive (Table 5 ), but this last result was related mainly to increasing age. In fact, the extent to which tree diameter was responsible for the degree of severity of the defect was seen to be of less importance when comparing trees of the same age by ANOVA analysis (25-30 years) (Table 6 ). This agrees with the findings of Mutabaruka et al. (2005) , who did not observe significant differences in terms of stem diameter between affected and sound trees.
Further considerations arise about the position of ring shake within the tree.
The position of cracking is localized ~0.6 of the total length of the tree radius and ~0.5 of the total tree age, supporting the results obtained by Chanson et al. (1989) , Fonti et al. (2002a) and Spina et al. (2008) . A greater diameter was found to move the average location of the ring shake a little further outwards, towards the bark, although it did not affect the indices linked to the gravity of the defect. Fonti et al. (2002a) suggested that ring shake is due to growth stresses in trees and that the splits begin when compressive strength passes to tensile strength. In Lazio region, this moment may be located at age of 12-14 years. The question remains whether at that age something occurs in cell formation which induces ring split formation or whether the primer occurs before or after the age 12-14. The results show that ring shake onset may be delayed (comparing trees aged 25-30 years) when the tree has a greater diameter. Furthermore, it should be borne in mind that at an age of 12-14 years, the tree diameter was observed to vary greatly among trees. It can be inferred from this that ring shake may occur retroactively, i.e. ring shake may damage previously sound rings. Moreover, such retroactive damage may extend less further back if the tree diameter at the moment of onset is greater because it is better able to withstand mechanical stress. This supposition is supported by the dendrochronological analysis because splits tend to be located before the year of the forestry interventions.
The relationship between tree diameter and ring shake would appear to be in contrast with the correlation analysis since a significant correlation between tree diameter and the indices linked to the gravity of the defect can be seen in Table 5 . However, it should be remembered that since the latter shows the results relative to the datasets of all the age classes, tree diameter is itself determined by age. The results obtained agree with the hypothesis of stress distribution within the tree, which increases with tree diameter both longitudinally and in transverse direction (Ormarsson et al., 2010) , while the radial wood strength decreases from pith to bark (Fonti et al., 2002b) .
The ability to identify those phenotype characteristics which indicate the probable presence of a ring shake defect is a very important aim for forestry. The results of the study showed the negative effect of injuries in the incidence of the defect, this means that correct silvicultural management during forest harvesting may reduce the probability of inducing ring shake in trees.
A further phenotype character which is linked to the ring shake presence is bark cracking (Figure 4 , Table 5 ) comparing trees of comparable age (25-30 years, Figure 4 ). This results confirm the observations of Mutabaruka et al. (2005) and Kerr and Evans (1993) which ascribe to bark cracking in standing trees a predicting value of ring shake. The various other indices describing tree stress (cancer, dead branches and epicormic branches) would not appear to be related to ring shake. A similar conclusion was reached by Savill and Mather (1990) regarding oak wood: branch angle and epicormic branches are inheritable characteristics and they do not appear to be correlated with the ring shake defect (Kanowwski et al., 1991; Mather et al., 1992) .
From the correlation analysis, we expected to find a correlation between stem curvature and/or eccentricity of pith and ring shake defect, related to the presence of tension wood in the tree. Relationships between cracks and progressive lean in chestnut were hypothesized by Mattheck and Kubler (1995) and Fonti et al. (2002b) showing the relationships between tension wood and ring shake cracks. A relationship between stem sweep and ring shake was, in fact, found in the Pian dei Fraticelli and Cimini samples (Spina et al., 2008) ; however, the correlation disappears both when considering all the datasets and when taking into account the data for each area (Cimini, Sabatini, Castelli Romani and Lepini) . This result shows that stem curvature as parameter predicting ring shake cannot be considered as generally applicable, but it is linked to the presence of greater or lesser growth stress within the tree, depending on site characteristics and tree state. Figure 8 . (a) IC variation relative to the age of the trees. A maximum age of 17 was chosen because it was common to the all investigated sites. (b) Number of affected trees relative to tree age. A maximum age of 17 was chose because it was common to the all investigated sites.
The effect of silvicultural management is also significant, with not only regard to the injuries frequency in tree stems but also to other forestry interventions. Late thinning or cutting produce abrupt growth changes which increase the risk of ring shake. The effect of abrupt growth changes is known to be very significant, even a decrease alone in ring width would seem to promote an incidence of ring shake in sites which were not managed (Rocca Romana site).
Different hypotheses concerning thinning have been proposed to overcome the risk of inducing ring shake defect. Amorini et al. (1997) and more recently Becagli et al. (2002 Becagli et al. ( -2004 concluded that early thinning (at 7-10 years old) just before the physiological ring growth decrease in coppice may be the solution for obtaining better quality material by promoting regular and sustained growth. More recently, Lemaire (2009a) has shown that in French sites, intensive thinning of over 50 per cent may help to obtain better quality material at the end of the production cycle. Early thinning may promote regular and continuing growth which guarantee and increase strength to resist mechanical stress within tree.
Conclusions
This study allowed the ring shake defect in productive areas in the Lazio Region to be identified and characterized. Moreover, the intensity of the defect was observed in the areas studied as follows: Cimini Mountains > Castelli Romani > Sabatini Mountains > Lepini Mountains. The results showed the importance of age in affecting ring shake onset. For this reason, the authors, on account of the actual silvicultural management, consider that it would not be advisable for forest managers in the Lazio area to lengthen the production cycle in coppice stands to over 30 years in order to have stems of greater diameter because the risk of ring shake is very much increased. It seems instead possible and convenient to promote diameter growth via thinning, within certain limits. Regular thinning might also allow to lengthen coppice rotation.
The results also showed that at the same age, in the trees with higher diameter, splits move outwards. This latter aspect might have an influence from an economic point of view since the Italian Technical standard uNI 11035-2 (2003) does not allow the use of beams for building structures if they have a maximum ring shake radius (r for the purpose of this article) greater than one-third of the minimum size of the beam. A physiological risk of occurrence of ring shake exists which can never be avoided completely. In particular, it occurs especially when the trees are more than 7-8 years old and the highest risk is reached at 12-14 years of age. Comparing site predisposition and phenotype characteristics such as bark cracking, foresters can decide whether it is economically viable to propose early thinning and correct harvesting to reduce the incidence of the defect in coppice stands. There has been some recent debate about the economic viability of thinning, considering the financial implications of ring shake (Lemaire, 2009b) . However, in order to have the chance of obtaining a greater proportion of sawn timber for products such as furniture and veneers (Tani et al., 2003) , the comparative analysis site predisposition-phenotype characteristics-intensive continuous silviculture could prove a worthwhile investment.
